INTRODUCTION
Trachoma is the leading infectious cause of blindness worldwide. 1 Ocular strains of Chlamydia are responsible for the clinical manifestations of trachoma, which include repeated episodes of conjunctivitis and conjunctival scarring, with subsequent secondary corneal ulceration, and blindness. 2 Chlamydial infection can be detected by nucleic acid amplification tests (NAATs) such as polymerase chain reaction (PCR)-based assays. 3 , 4 Although these tests are highly sensitive for detection of chlamydial infection, they are expensive, and currently not used by most trachoma control programs. Instead, programs rely on clinical activity, as determined by conjunctival examination, as a proxy for chlamydial infection. The clinical examination is performed using the World Health Organization (WHO) simplified trachoma grading system. 5 Clinically active trachoma, or clinical activity, is typically defined as the presence of follicular trachomatous inflammation (TF, ≥ 5 follicles in the upper tarsal conjunctiva), and/or intense trachomatous inflammation (TI, pronounced inflammatory thickening of upper tarsal conjunctiva obscuring more than half of the underlying blood vessels). However, clinically active trachoma is not synonymous with PCR-detectable chlamydial infection because many infected persons are not clinically active, whereas many uninfected persons are clinically active. 4 , 6 -10 This discrepancy likely exists because clinical signs of trachoma first develop in a person days after infection, and these clinical signs persist for many weeks after the infection has been cleared. 11 , 12 There have been various studies assessing the relationship between clinically active trachoma and chlamydial infection among persons. 6 -8 , 13 -18 These studies have shown that at the individual level, the association between clinical activity and chlamydial infection varies depending on the clinical setting. In areas with hyper-endemic trachoma, the proportion of persons with clinical activity who are positive for chlamydial infection by NAATs ranges from 63% to 71%. 6 , 7 , 16 , 17 However, in areas of hypo-endemic trachoma, only 0-8% of clinically active persons may be positive for chlamydial infection. 16 , 18 Similarly, the proportion of clinically active persons with infection decreases after mass azithromycin treatments. In one report from a severely affected area, 67% of persons with clinically active trachoma had evidence of chlamydial infection before mass antibiotic treatment, but only 10% did so after treatment. 17 Although these studies have been important in understanding the discrepancy between clinical activity and chlamydial infection at the level of the individual person, trachoma programs administer treatments to communities, not individuals. Specifically, the WHO recommends three annual mass treatments if the district prevalence of clinically active trachoma in children 1-9 years of age exceeds 10%, and further mass treatments in individual villages until the village prevalence of clinically active trachoma is less than 5%. 19 Therefore, it is less relevant to trachoma programs whether clinical activity corresponds with chlamydial infection in a particular person than whether the prevalence of clinical activity corresponds with the prevalence of chlamydial infection in a community. It is possible that even if clinical activity and infection were poorly correlated in individual persons, the prevalence of each in a village could still be correlated. If so, this would be useful for trachoma programs, which would then be justified in using clinical activity to estimate the amount of chlamydial infection in a community.
In this study, we report the correlation between the village prevalence of clinically active trachoma and the village prevalence of PCR-detectable ocular Chlamydia infection before, during, and after mass antibiotic treatments. Such an analysis may better inform trachoma program treatment decisions by better characterizing the relationship between clinical activity and infection at the village level, where such treatment decisions are made. Abstract. It is unclear how the prevalence of clinically active trachoma correlates with the prevalence of ocular chlamydial infection at the community level. In 24 villages from a cluster-randomized clinical trial of mass azithromycin distributions in Ethiopia, the correlation between the prevalence of clinical activity (on examination) and chlamydial infection (by polymerase chain reaction) was moderately strong before mass antibiotic treatments (Pearson's correlation coefficient r = 0.75, 95% confidence interval [CI] = 0.52-0.87), but decreased at each time point during four biannual treatments (at 24 months, r = 0.15, 95% CI = −0.14-0.41). One year after the final treatment, the correlation coefficient had increased, but not to the pre-treatment level ( r = 0.55, 95% CI = 0.30-0.73). In a region with hyperendemic trachoma, conjunctival examination was a useful indicator of the prevalence of chlamydial infection before treatments, less useful during mass treatments, but regained utility by one year after treatments had stopped. approximately 85 households, received mass azithromycin treatment every six months. Sixteen study villages were randomly selected from the Enemore district of the Gurage Zone, and received biannual treatment for two years (at months 0, 6, 12, 18) . Eight study villages randomly selected from the adjacent district of Goro received biannual treatment for three years (at months 0, 6, 12, 18, 24, 30) . During a mass treatment, all eligible members of the village were offered single dose, directly observed oral azithromycin (1 g for adults and 20 mg/kg for children ≥ 1 year of age). Pregnant women and children less than one year of age were offered topical tetracycline to be applied twice a day for six weeks. Conjunctival examination and swabbing for chlamydial PCR preceded each treatment, and were continued every six months until month 42. All study activities were pre-specified and described in detail in a Manual of Operations and Procedures. In this study, the primary outcome was the relationship between the village prevalence of clinically active trachoma and the village prevalence of chlamydial infection based on PCR. Other trachoma interventions, such as promotion of face washing or environmental improvements, were not conducted and did not change throughout the study period. The clinical trial was registered with ClinicalTrials.gov (NCT00221364). Approval for the study was obtained by the Committee for Human Research at the University of California, San Francisco, and by the Ethiopian Science and Technology Commission, and included verbal consent for adult study participants, and verbal consent from guardians of minors. The research adhered to the tenets of the Declaration of Helsinki.
MATERIALS AND METHODS

Study
Clinical examination and PCR. All children 1-5 years of age in each village were offered clinical examination and conjunctival swabbing for chlamydial PCR. Only the right upper tarsal conjunctiva was examined and swabbed. Clinically active trachoma, frequently termed clinical activity in this report, was defined as TF and/or TI, as described by the WHO simplified grading system. 5 Medical personnel (nurses, ophthalmic assistants, medical students, residents, and fellows) were trained to grade trachoma by the WHO simplified grading scale. Training consisted of a slide lecture and in-field observation. Persons were allowed to become graders if they achieved in-field agreement of greater than 80% with a gold-standard observer (TL, JPW, or BDG). To validate the graders, we performed photography of the right upper tarsal conjunctiva on a random sample of 230 children and compared the grades from the field with the grades from the photographs, as assessed by a gold standard grader (TL). In general, interreader reliability was good, with a mean kappa of 0.61 (95% confidence interval [CI] = 0.45-0.76) among 10 graders. 20 The same medical personnel were also trained in conjunctival swabbing technique for PCR. A Dacron swab was passed over the right upper tarsal conjunctiva three times, rotating roughly 120° between each pass. A randomly selected 10% of children had two control swabs performed: one duplicate control swab and one negative air control swab, which consisted of passing the swab 1 inch above the subject's conjunctiva. All samples were stored at 4°C in the field and at −20°C within 6 hours of collection. Samples were shipped at 4°C to San Francisco, where they were stored at −70°C until processed. The AMPLICOR PCR test (Roche Diagnostics, Branchburg, NJ) was used by masked technicians to detect chlamydial DNA. PCR samples at baseline were tested individually, but at all other time points, samples from the same village were pooled into groups of five samples. If two-thirds of the pools were positive, then the individual samples were re-pooled into groups of two samples. If any pool produced an equivocal result, all samples were re-tested individually. As per the AMPLICOR protocol, an internal control was performed for each pool to rule out the presence of PCR inhibitors. Any inhibitory pools were re-tested, and if still inhibitory, the samples were tested individually. Although samples necessarily were diluted in the pooling process, this dilution is not thought to significantly impact the sensitivity of the test. 21 The prevalence of Chlamydia in each village was calculated by maximum likelihood estimations, with the number of positive individual samples most likely to have resulted in the observed pooled results being used as the village prevalence for ocular Chlamydia .
22
Statistical analysis. All analyses were performed at the village level by using village prevalence. We report the mean village population at baseline, separately for all persons and for children 1-5 years of age and the mean antibiotic coverage over all time points from 0 to 24 months. We also report the prevalence of clinical activity and chlamydial infection over time for person 1-5 years of age separately for the 16 villages that received two years of biannual treatment, and for the eight villages that received three years of biannual treatments. The 95% CIs of the mean were calculated by bootstrapping because of non-normality of the data (9,999 repetitions). Pearson's correlation coefficient between the prevalence of clinically active trachoma and the prevalence of chlamydial infection by PCR testing was performed at the village level, with 95% confidence intervals calculated by bootstrapping to account for non-normality of the data (bootcor command, 9,999 repetitions, STATA version 10.0; Statacorp, College Station, TX). Analyses using Spearman's correlation coefficient or incorporating the treatment arm as a confounder produced similar results. Using data from all 24 villages, we calculated the village correlation coefficient before treatment (month 0), during treatments (months 6, 12, 18, and 24), and after treatment (months 0, 6, and 12 after the final treatment). Note that to calculate the correlation after mass treatments had ended, we first calculated the time since the final mass treatment of each village, and then computed the correlation coefficient for months 0, 6, and 12 after this final treatment, which were the only time points with complete data for all 24 villages. All statistical tests were performed with STATA version 10.0.
RESULTS
Demographics.
Among all 24 villages at baseline, there were 9,646 persons (mean = 401.9, 95% CI = 319.3-484.5) and 1,200 children 1-5 years of age (mean = 50.0, 95% CI = 38.9-61.1). Antibiotic coverage was high, averaging 93.4% (95% CI = 92.4-94.4%) over all treatments. Village population or coverage did not differ between villages receiving four biannual antibiotic treatments and villages receiving six biannual antibiotic treatments. 23 , 24 The population of children 1-5 years of age who received conjunctival examination and swabbing for chlamydial PCR at each study visit is shown in Table 1 . All villages received all scheduled treatments, and no village was lost to follow-up over the length of the study.
Chlamydial infection. When all 24 villages were analyzed together, the mean village prevalence of chlamydial infection was 52.9% (95% CI = 44.2-61.3%) at baseline, which decreased during biannual azithromycin treatment to 8.4% (95% CI = 5.4%-11.5%) at 6 months and to 2.0% (95% CI = 1.2-2.9%) at 24 months. In 16 villages treated with 4 biannual treatments, the prevalence of chlamydial infection decreased from 63.5% (95% CI = 55.8-70.8%) at baseline to 2.6% (95% CI = 1.5-3.7%) at 24 months, but increased to 25.2% (95% CI = 15.4-35.9%) by two years after the final treatment ( Figure 1 ). In contrast, eight villages treated with six biannual treatments experienced a decrease in chlamydial infection prevalence from 31.6% (95% CI = 21.5-41.0%) at baseline to 0.9% (95% CI = 0.0-2.1%) at 24 months, and remained < 0.7% (95% CI = 0.0-2.0%) one year after cessation of treatment ( Figure 2 ). Of the 862 negative control samples, 854 showed no evidence of Chlamydia by PCR (99.1%, 95% CI = 98.2-99.6%), and 851 of the 855 duplicate control swabs were concordant (99.5%, 95% CI = 98.8-99.9%).
Clinical activity. The mean prevalence of clinical activity was greater than the mean prevalence of chlamydial infection at all time points. When all 24 villages were analyzed together, the mean village prevalence of clinical activity gradually decreased during biannual azithromycin treatments, from 86.0% (95% CI = 80.9-90.4%) at baseline to 39.2% (95% CI = 33.4-44.9%) at 24 months. In the 16 villages treated with 4 biannual treatments, the prevalence of clinical activity decreased from 91.6% (95% CI = 87.5-95.1%) at baseline to 43.6% (95% CI = 36.4-50.9%) at 24 months, but then increased to 55.5% (95% CI = 47.8-62.9%) at 42 months (two years after the final treatment, Figure 1 ). In the eight villages receiving two additional biannual treatments, clinical activity prevalence decreased from 74.9% (95% CI = 66.7-80.7%) at baseline to 30.4% (95% CI = 23.7-36.5%) at 24 months and decreased further to 20.3% (95% CI = 11.1-30.2%) at 42 months (one year after the final treatment, Figure 2 ). Figure 3A , chlamydial infection and clinically active trachoma correlated moderately well before mass treatments (r = 0.75, 95% CI = 0.52-0.87), but decreased at each time period during azithromycin treatment (r = 0.15 at 24 months, 95% CI = −0.14-0.41). After treatments had ended, the Pearson's correlation coefficient increased from r = 0.18 (95% CI = −0.15-0.46) at the time of the final treatment to r = 0.55 (95% CI = 0.30-0.73) at 12 months after the final treatment ( Figure 3B ).
Village correlation coefficient. As shown in
DISCUSSION
Most trachoma programs do not use NAATs to determine the prevalence of ocular chlamydial infection. Instead, field workers base treatment decisions on the prevalence of clinically active trachoma, which is used to estimate the amount of chlamydial infection in a village. It is therefore of considerable importance whether clinical activity correlates with chlamydial infection. Although other studies have found a weak correlation between clinical activity and infection, the analysis in these studies was conducted at the individual level. 4 , 6 -9 In contrast, our study analyzed the correlation at the village level. Our analysis may therefore be more relevant for trachoma programs, which base treatment on the village prevalence of clinical activity. In our study, there was a moderately strong correlation between clinical activity and chlamydial infection before antibiotic treatments in a region with hyperendemic trachoma. As the prevalence of chlamydial infection detected by PCR decreased during mass antibiotic treatments, the correlation between clinically active trachoma and chlamydial infection also decreased. One year after mass treatments were stopped, the correlation between clinical activity and chlamydial infection increased, although it remained less than the pre-treatment level. This finding suggests that the prevalence of clinically active trachoma may more accurately reflect the infection status of a community before and after mass treatments, but should be interpreted with caution while mass antibiotic treatments are ongoing.
In this area of hyperendemic trachoma, the prevalence of clinical activity greatly overestimated chlamydial infection. For logistical reasons, the eight villages randomized to six biannual treatments came from a separate geographic area than the 16 villages treated with four biannual treatments. The burden of clinically active trachoma and chlamydial infection was lower in those eight villages treated with six biannual treatments, perhaps because these villages were closer to the town of Wolkite and to the highway. Nonetheless, the relationship between chlamydial infection and clinical activity was similar in both groups of villages.
The decrease in correlation between clinical activity and infection after mass treatment is not unexpected. Mass azithromycin treatment results in rapid reduction of chlamydial infection. 25 In contrast, resolution of trachomatous clinical activity lags behind resolution of infection, with the clinical signs of trachoma persisting for weeks to months after persons with infections have been adequately treated. 11 , 12 , 25 Additionally, it has been hypothesized that follicular conjunctivitis may develop in treated persons when they are exposed to other, non-chlamydial stimuli, which may further weaken the correlation between clinically active trachoma and chlamydial infection after mass treatments. 16 There are significant cost implications to the relationship between clinical activity and chlamydial infection. Trachoma programs base treatment decisions on clinical activity, which is a low-cost test. However, at least in this population, clinical activity overestimates infection. Use of the clinical examination may therefore result in unnecessary treatments, and thus, unnecessary use of resources. For example, in the eight villages treated with six biannual treatments, the prevalence of clinical activity exceeded 20% three years after chlamydial infection had been brought to a low level. At this level, current guidelines would have recommended continued mass azithromycin distributions. 19 However, in these communities, the level of chlamydial infection remained low even without further mass treatments. This finding suggests that any additional mass treatments might have been unnecessary, given the goal of reduction, and not elimination, of trachoma. Other tests, such as NAATs, are more expensive, but may minimize unnecessary treatments. Use of NAATs to determine ocular chlamydial infection is thought to be cost-prohibitive by most trachoma programs. Other tests that are more sensitive and specific than the clinical examination, such as a point-of-care assay, may provide cost savings over NAATs. 26 Alternatively, trachoma programs could follow the lead of genital chlamydial research by pooling PCR samples. 27 , 28 Costs for genital Chlamydia screening programs can be cut in half by testing pooled samples and re-analyzing individual samples from positive pools. Cost savings for trachoma programs could be considerably greater because the village prevalence can be estimated from the pooled samples alone, and would therefore not require re-testing of individual samples. 22 -24 , 29 In the eight villages treated with six biannual treatments, pooled PCR would have highlighted the lack of infection, which might have been useful for a trachoma program in deciding how to allocate its limited resources. Further studies more formally addressing the cost-effectiveness of different testing modalities would be valuable. We analyzed the correlation between clinically active trachoma and ocular Chlamydia infection at the village level, which is a major strength of this study. Mass antibiotic treatments are distributed to entire villages, with the desired effect being to lower the prevalence of disease in the village. However, there is inherently variation among villages in their response to mass treatments. Therefore, it is important that studies measure trachoma at the village level using village prevalence and including multiple villages to take into account variation at the village level. In addition, studies conducted on the village level may be more relevant to trachoma programs, which base treatment decisions on the prevalence of clinical activity in a community.
There are several important limitations of this study. We test the correlation coefficient at the village level, which required a group-randomized study, and limited the sample size available for this analysis. We were only able to calculate the correlation coefficient up to 12 months after the final treatment, and therefore cannot comment on times after this. Finally, we studied villages with a high prevalence of ocular Chlamydia infection treated with biannual mass azithromycin treatments and high antibiotic coverage, which may limit generalizability in areas with less severe trachoma, less frequent treatments, or lower antibiotic coverage.
In conclusion, we found a moderately strong correlation between the village prevalence of trachomatous clinical activity and the village prevalence of chlamydial infection before mass antibiotic treatments in a region with hyperendemic trachoma. Our findings suggest that before mass antibiotic distributions have started, clinical examination can be useful for trachoma program administrators in determining which villages to treat with mass antibiotics. During mass antibiotic treatments, the correlation between the prevalence of clinically active trachoma and chlamydial infection becomes weaker, suggesting the clinical examination is not a good proxy for chlamydial infection during this time. By one year after mass treatments are discontinued, the correlation between the village prevalence of clinical activity and chlamydial infection returns, though not to the pre-treatment level. Further research is needed to characterize the correlation between clinical activity and infection at times more than one year after treatments have ended. These results are consistent with current WHO guidelines, which recommend clinical re-evaluation after the completion of three annual mass antibiotic treatments, and may help clarify the relationship between the prevalence of clinical activity and chlamydial infection for trachoma programs.
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